Abstract
INTRODUCTION
Leonardo da Vinci recognized the complexity of a normally functioning aortic valve (AV) as early as the 15th century [1] . The AV consists of closely interacting components (aortic annulus, aortic cusps, aortic sinus and sinotubular junction), all of which contribute to a functional unit called the aortic root. [2] . The dynamic aortic root is designed to improve transvalvular haemodynamics and reduce cusp stress [3] . In 1976, Brewer et al. [4] observed a dimensional change in the aortic root of 16% between systole and diastole. Dagum et al. [5] showed experimentally in a sheep model that the aortic root including the AV annulus undergoes complex, asymmetric deformations during the cardiac cycle. In accordance with these findings, Lansac et al. [6] demonstrated a systolic expansion of the root starting chronologically from the base and the commissures towards the sinotubular junction. Moreover, this expansion follows an asymmetric pattern (right sinus > left sinus > non-coronary sinus) [7] .
Aortic valve regurgitation (AR) results from the failure of distinct components of a functional aortic root unit [8] . Dilatation of the aortic annulus has been linked to AR [9] and is a well-known predictor of recurrent AR after AV repair [10, 11] . Due to the lack of functional data, little is known about the physiological †Presented at the 31st Annual Meeting of the European Association for CardioThoracic Surgery, Vienna, Austria, 7-11 October 2017. ‡The first two authors contributed equally to this study. geometric changes of the normally functioning aortic root. Therefore, it is not surprising that there is no consensus on how to stabilize the annular structure in order to improve the longterm outcomes after AV repair [12] [13] [14] .
The aim of this study was to evaluate the eccentricity of the AV annulus in a normally functioning AV between systole and diastole and to compare these findings to those from patients with AR.
METHODS

Patient population
We retrospectively analysed our institutional database to identify the patients who underwent a full cardiac cycle multislice computed tomography (MS-CT) scan from January 2012 until August 2017. MS-CTs were predominantly performed prior to transcatheter mitral valve procedures (i.e. Cardioband implantation or transcatheter mitral valve repair) and therefore had secondary mitral regurgitation with predominant ring dilatation and without relevant leaflet disease.
A total of 76 consecutive patients underwent a full cardiac cycle MS-CT scan during the study period. Exclusion criteria were more-than-mild AV stenosis (n = 7), insufficient quality of the CT scan (n = 5) or previous AV intervention (n = 6). Based on these exclusion criteria, the MS-CT data from 58 consecutive patients were analysed (normal AV subgroup). The mean age was 75.9 ± 6.5 years, and 36% of the patients were men. All patients had a normally functioning tricuspid AV.
In addition, 20 patients with severe AR who received an MS-CT scan prior to transcatheter AV replacement were included (AR subgroup). Those patients had senile degenerative tricuspid AV disease with predominantly central aortic regurgitation, without major annular calcification and an aortic annulus of < _28 mm. The mean age of the AR subgroup was 70.3 ± 10.5 years, and 80% of the patients were men.
Multislice computed tomography measurements
Analysis of all MS-CT data was systematically performed with the 3mensio Structural Heart TM imaging program (Version 8.1; Pie Medical Imaging, Maastricht, Netherlands). Annular diameters were measured at the level of the basal AV annular plane, which is the established procedure for transcatheter AV replacement. The concept of a basal annular plane comprises a virtual plane connecting the 3 lowest insertion points of AV cusps in each of the 3 sinuses. The following parameters were independently measured by 2 study investigators (J.P. and L.V.) in systole (40% of cardiac cycle) and diastole (70% of cardiac cycle): (i) maximum and minimum AV annulus diameters, (ii) AV annular area and (iii) AV annular perimeter. The maximum AV annulus diameter (=long annular axis) was measured from the intercommissural area between the left/right commissure and the membranous interventricular septum (Fig. 1) . The minimum AV annulus diameter was defined as the short annular axis between the muscular interventricular septum and the aortomitral continuity (Fig. 1) .
The mean AV annulus diameter was calculated from the AV annular area and perimeter. Furthermore, the AV annular eccentricity index was calculated as a percentage [AV annular eccentricity index (%) = max AV annulus x 100 min AV annulus
À 100] and compared between systole and diastole.
Statistical analysis
Standard definitions were used for patient variables and outcomes. Categorical variables are expressed as percentages, and continuous variables are presented as mean ± standard deviation with the range throughout the article. Data were tested for normal distribution using the Kolmogorov-Smirnov test. All statistical analyses were accomplished with the IBM SPSS 23 software (IBM Corp., Armonk, NY, USA). CT-based AV annular measurements between systole and diastole (within-group) were compared for differences using the paired t-test. Comparison of AV annular diameters in the normal AV subgroup with those in the AR subgroup (between-group) was done using the 2-sided t-test for independent samples. Correlation analyses were performed using the Pearson correlation. The Fisher's r-to-z transformation was used to calculate a z-value to assess the significance of the difference between the correlation coefficients. Linear regression analysis was performed comparing the annular eccentricity index and the mean AV annular diameter. All P-values < _0.05 were considered statistically significant.
RESULTS
Normal aortic valve subgroup: systole versus diastole
There was a significant change in the mean AV annulus diameter throughout the cardiac cycle (systole versus diastole) ( Table 1) . The geometric changes occurred predominantly in the short annular axis (21.2 ± 2.4 mm vs 19.9 ± 2.3 mm; P < 0.001). No significant changes were seen in the long annular axis (28.0 ± 3.1 mm vs 27.9 ± 2.9 mm; P = 0.616). The mean AV annular area (467.5 ± 94.5 mm 2 vs 444.8 ± 86.1 mm 2 ; P < 0.001) as well as the mean AV annular perimeter (77.9 ± 8.0 mm vs 76.7 ± 7.4 mm; P < 0.001) decreased significantly in diastole. The averaged AV annulus size (24.6 ± 2.5 mm in systole vs 23.9 ± 2.4 mm in diastole; P < 0.001) and the area-derived mean AV annulus size (24.3 ± 2.5 mm in systole vs 23.7 ± 2.3 mm in diastole; P < 0.001) were significantly reduced in diastole.
The AV annular eccentricity increased significantly in diastole (33.0 ± 12.2% in systole vs 41.4 ± 13.5% in diastole; P < 0.001). This effect was even more obvious in the small AV annular diameter (i.e. AV annulus < 25 mm) (Fig. 2) . We subdivided the patients into 2 groups based on the mean diastolic annular diameter (i.e. < _24 mm vs >24 mm). Analysis showed a tendency towards more diastolic annular eccentricity in smaller AV annular diameters (42.7 ± 16.6% in the subgroup with < _24 mm vs 37.3 ± 12.8% in the subgroup with >24 mm; P = 0.1). We found a significant inverse linear correlation between the mean AV annular diameter and the eccentricity index in diastole (r = -0.40; P = 0.034) but not in systole (r = -0.25; P = 0.3). There was no significant difference in the between-groups correlation patterns (z-value: 0.88; P = 0.38) (Fig. 2) .
Normal aortic valve subgroup versus aortic valve regurgitation subgroup
Despite significant gender differences between the 2 groups (Normal AV: 36% vs AR subgroup: 80% men), there was no significant difference regarding the body surface area (normal AV subgroup: 1.84 m 2 vs the AR subgroup: 1.94 m 2 ; P = 0.111) The analysis of the AR subgroup revealed a significantly decreased diastolic eccentricity index of the AV annulus compared to that of the normal AV cohort ( Table 2 ). The reduced eccentricity of the annulus persisted throughout the whole spectrum of AV annular diameters (Fig. 3) . The mean AV annulus was significantly larger in the AR subgroup than in the normal AV subgroup (i.e. 25.6 ± 1.9 mm vs 23.9 ± 2.4 mm; P = 0.006). This difference was particularly obvious in the short annular axis (22.0 ± 2.1 mm vs 19.9 ± 2.3 mm; P = 0.001). Furthermore, the AV annular area (510.5 ± 72.1 mm 2 vs 444.8 ± 86.1 mm 2 ; P = 0.003) and perimeter (81.6 ± 6.0 mm vs 76.7 ± 7.4 mm; P = 0.008) were significantly larger in the AR subgroup than in the normal AV subgroup. The diastolic eccentricity index was significantly reduced in the AR cohort (33.7 ± 14.8% vs 41.4 ± 13.5%; P = 0.035). Correlation analysis revealed no significant difference between the normal AV and AR groups (z-value: 0.2; P = 0.842) (Fig. 3) .
DISCUSSION
Our study is the first to report the changes in the AV annulus shape during the cardiac cycle in a clinical cohort. The CT-based annular analysis confirmed a significant decrease of the mean AV 
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annulus diameter during diastole in subjects without significant AV disease.
The AV annulus appears to be a far more complex structure than a simple circle. Several previous experimental studies were designed to address the issue of the dynamics of an AV 'ring'. Dagum et al. [5] reported important AV annular deformations during the cardiac cycle in an experimental sheep model. They described a decrease in the AV annulus circumference during the systolic ejection phase that was followed by annular distension during diastole. In a subsequent, similarly designed experimental study, Lansac et al. [6] reported the chronological systolic expansion of the aortic root starting at the level of the AV annulus, while the most intense changes occurred at the commissural level. Both studies had an experimental design. Both studies had different experimental designs and were performed on a limited number of sheep (n = 6-8). Therefore, the contradictory findings from these 2 studies are difficult to interpret.
In our CT-based annular analysis, we confirmed a significant decrease in the mean AV annulus diameter during diastole in the normal AV group. These changes were predominantly seen in the short annular axis between the muscular interventricular septum and the aortomitral continuity (Fig. 1) , forming an oval annulus during diastole. Only minor changes between systole and diastole were seen in the long annular axis, which is defined as the distance from the intercommissural area between the left/ right commissure and the membranous interventricular septum (Fig. 1) . The annular eccentricity index, which describes the percentile difference between maximal and minimal AV annulus diameter, increased significantly in diastole. Our study revealed a significant reduction in the AV annular area in diastole, as demonstrated in Table 1 , which may represent a physiological response of the dynamic aortic root to decrease the stress on the AV cusps and to increase the cusp coaptation surface. Interestingly, the diastolic increase in annular eccentricity was even more obvious in the small AV annulus diameters, and it diminished gradually as the dimensions of the annulus increased (Fig. 2) . This finding might be potentially interpreted as a loss of dynamic aortic root response to undergo geometric AV annular deformation during diastole as the AV annulus dilates increasingly.
Similarly, the AV annulus eccentricity index was significantly reduced in the AR cohort compared to the normal AV cohort ( Table 2 ). The correlation was not significantly different, which was most likely the result of the reduced number. This finding may underline the pathophysiological impact of AV annulus dilatation in the genesis of AR.
Practical considerations
The importance of mitral annuloplasty for the longevity of mitral valve repair has been clearly documented by the work of Carpentier [15] . Analogous to the experience with the mitral valve, there is a growing experience that annular stabilization is also crucial to achieve stable long-term results after AV repair [10, 16] . Since the introduction of subcommissural plication sutures for AV annulus stabilization by Cabrol et al. [17] , different types of AV annuloplasty have been developed. An external expandable ring (Coroneo V R extra-aortic annuloplasty ring, Coroneo, Montreal, QC, Canada) was introduced by Lansac et al. [13] , and its use was associated with good mid-term results [18, 19] . Schäfers' group developed the concept of an external suture annuloplasty using polytetrafluoroethylene [12] and reported improved 5-year durability after AV repair in patients with bicuspid AV disease [19] . Most recently, Shah et al. [20] proposed a combined (i.e. semi-rigid internal and flexible external) ring design that was evaluated in an ex vivo haemodynamic model. Furthermore, a rigid internal ring design (HAART V R aortic annuloplasty device, Sofmedica, http://sofmedica.com/) has been proposed as an effective way of achieving AV annular stabilization [14, 21] ; mid-term results have been recently reported [22] . The common denominator of all of the above-mentioned annuloplasty systems is the effectiveness in the reduction of the diameter of the aortic annulus. However, dynamic changes in the AV annulus during the cardiac cycle and the recovery of diastolic annular eccentricity after annuloplasty have not yet been considered. Our CT-based analysis revealed a marked diastolic annular eccentricity in the setting of the normally functioning AV (i.e. 50% eccentricity in the range 20-24 mm annulus diameter) and thereby supports the notion that the reduction in the dilated AV annulus by annuloplasty should be accompanied by the recovery of its eccentricity to preserve the functioning unit of a dynamic aortic root.
Limitations
Our study was retrospectively designed, and the MS-CT data were limited to our institutional database. Therefore, gender and body surface area differences were present between the 2 groups. Full cardiac cycle MS-CT data were obtained from consecutive patients who were scheduled for transcatheter mitral valve intervention. However, besides having relevant mitral valve disease (predominantly mitral regurgitation), all patients had normal AV function. Therefore, the reported diameters can be considered as reference values for normally functioning AVs. Nonetheless, we have no MS-CT data from healthy volunteers who did not have cardiovascular disease, which is obviously justified because of the potential risks association with the contrastenhanced CT imaging.
CONCLUSION
The AV annulus undergoes important geometric deformation during the cardiac cycle. Our study revealed an increased diastolic annular eccentricity in the setting of small/normal AV annulus diameters and a normally functioning AV. These dynamic annular changes occurred predominantly in the short annular axis. Diastolic annular eccentricity is diminished in large AV annular diameters and in patients presenting with relevant AR.
A novel AV annuloplasty system should ideally adapt for this marked diastolic annular eccentricity and thereby allow for dynamic aortic root changes during the cardiac cycle.
